Based upon the Bonn meson-exchange model for the nucleon-nucleon (N N )interaction, we study systematically the charge-symmetry-breaking (CSB) of the N Ninteraction due to nucleon mass splitting. Particular attention is payed to CSB generated by the 2-exchange contribution to the N Ninteraction, diagrams, and other multi-meson-exchanges. We calculate the CSB dierences in the 1 S0 eective range parameters as well as phase shift dierences in S, P and higher partial waves up to 300 MeV lab. energy. We nd a total CSB dierence in the singlet scattering length of 1.6 fm which explains the empirical value accurately. The corresponding CSB phase-shift dierences are appreciable at low energy in the 1 S0 state. In the other partial waves, the CSB splitting of the phase shifts is small and increases with energy, with typical values in the order of 0.1 deg at 300 MeV in P and D waves. 
I. INTRODUCTION
Charge-symmetry is the equality of proton-proton (pp) and neutron-neutron (nn) forces|after electromagnetic eects are removed. This symmetry, which is slightly broken, has long been a subject of research in nuclear physics (for reviews see, e. g., Refs.
[1{4]). Traditionally, the empirical information on the charge-asymmetry of the nuclear force comes mainly from few-body systems. The nucleon-nucleon (N N ) scattering length in the 1 S 0 state plays a special role. As there exists an almost bound state in that partial wave, the (negative) scattering length is extremely sensitive to small dierences in the strength of the force. The pp eective range parameters (scattering length, a, and eective range, r) are obtained with very high precision from low-energy pp cross section data. However, since we are interested here in the strong force, electromagnetic eects have t o be removed, which i n troduces model dependence. Using several realistic N Npotential models, the pure stronginteraction pp eective range parameters are determined to be [2] a N pp = 17:3 0:4 f m ; (1) r N pp = 2 : 85 0:04 fm; (2) where the errors state the uncertainty due to modeldependence.
Since nn scattering experiments are not yet feasible, the nn eective range parameters are not measured directly; they are extracted from few-body reactions, mainly D(n; nn)p and D( ; )2n. Recent measurements of these reactions and their analysis have resulted in the following recommended values [1, 2] a N nn = 18:8 0:3 f m ; (3) r N nn = 2 : 75 0:11 fm: (4) It is thus evident that in the 1 S 0 state, the nn strong interaction is slightly more attractive than the pp one.
From the above semi-empirical values, we see that chargesymmetry is broken by the following amounts a C S B a N pp a N nn = 1 : 5 0 : 5 f m ; (5) r C S B r N pp r N nn = 0 : 10 0:12 fm: (6) Information about charge-symmetry-breaking (CSB) can also be inferred from binding energy dierences of socalled mirror nuclei. The most studied case is the 3 He{ 3 H mirror pair. Experimentally it was found that 3 H is more deeply bound than 3 He by 764 keV. Model-independent calculations of the Coulomb energy dierence and other subtle electromagnetic eects yield a binding energy difference of about 68329 keV [5] . It has been shown that the remaining discrepancy can be explained by a c harge symmetry breaking nuclear force that is consistent with the empirical asymmetry in the singlet scattering length [6] . According to our current understanding, CSB is due to a mass dierence between the up and down quark and electromagnetic interactions. On the hadronic level, this has various consequences: mixing of mesons of dierent isospin but same spin and parity; mass dierences between hadrons of the same isospin multiplet.
The dierence between the masses of neutron and proton represents the most basic cause for CSB. Therefore, it is important t o h a v e a v ery thorough accounting of this eect. This is the subject of the present paper.
The n p mass dierence, which i s w ell known to be 1.2933 MeV [9] , aects the kinetic energy of the nucleons. Besides this, it has also an impact on all meson-exchange diagrams that contribute to the nuclear force.
In Sect. II, we will briey outline the formalism of the Bonn model for the N Ninteraction that this study is based upon. In Sect. III, we will go|step by step| through the various meson-exchange contributions to the nuclear force and calculate for each step the CSB effect due to nucleon mass splitting. In particular, we will present the eect on the singlet eective range parameters and on phase shifts of N N scattering up to 300 MeV laboratory energy and up to orbital angular momentum L = 2 . Section IV concludes the paper.
II. SKETCH OF MODEL
We base our investigation on the comprehensive Bonn full model for the N N interaction. This model has been described in length in the literature [4, 7, 8] . Therefore, we will summarize here only those facts which are important for the issue under consideration. The Bonn model uses an eective, eld-theoretic approach, in which the interaction between two nucleons is created solely from the exchange of mesons; namely, , (770), !(782), a 0 =(980), and 0 (550). Besides the nucleon, also the (1232) isobar is taken into account. In its original version [7] , the Bonn model used averages for baryon and meson masses and, thus, was chargeindependent; it was tted to the neutron-proton data. In this paper, these subtleties will be treated accurately.
The interaction Lagrangians involving pions are
L N = f N m T @ ' + H.c. ; (8) with the nucleon, the (Rarita-Schwinger spinor), and ' the pion elds. are the usual Pauli matrices describing isospin 1/2 and T is the isospin transition operator. H.c. denotes the Hermitean conjugate.
The above Lagrangians are devided by m to make the coupling constants f dimensionless. Following established conventions [10] , we always use m as scaling mass. It may be tempting to use m 0 for 0 coupling.
Notice, however, that the scaling mass could be anything. Therefore, it is reasonable to keep the scaling mass constant within SU(3) multiplets [10] . This avoids the creation of unmotivated charge-dependence.
It (10) with M 1 and M 2 the masses of the two n ucleons involved.
This relationship is charge-dependent due to the two n ucleon masses. As a consequence, CSB eects will come out (noticably!) dierent depending on if the ps or the pv coupling is used. Non-linear realizations of chiral symmetry, which are currently fashionable, prefer the pv coupling over the ps coupling. Following this trend, we use the pv coupling.
The couplings of -mesons to nucleons and -isobars are described by the Lagrangians
L N = i f N m 5 T (@ ' @ ' ) + H.c. : (12) We h a v e to draw attention to the fact that|no matter to which nucleon the couples|in the second part of the NN Langrangian, we always use the proton mass M p as scaling mass. With this, we follow established conventions, as discussed above in conjunction with the pion Langrangians. We note that disregarding this point would generate noticable, but unmotivated CSB.
Finally, the Lagrangians for ! and 0 are: (15) with q, k, and q 0 the magnitude of the relative momenta of the two i n teracting nucleons in the initial, intermediate, and nal state, respectively; E q = p M 2 + q 2 and E k = p M 2 + k 2 with M the correct mass of the nucleon involved in the scattering process under consideration. The principal value is denoted by P and R is commonly called the K-matrix. By solving this equation, the kernel/quasi-potential is iterated innitely many times. This is equivalent to solving the Schroedinger equation.
From the on-shell R-matrix, phase shifts for uncoupled partial waves are obtained through:
where q denotes the on-shell momentum in the center-ofmass system of the two n ucleons which is related to the laboratory kinetic energy by T lab = 2 q 2 = M .
F urther details concerning the formalism can be found in appendices A to C of Ref. [7] .
III. CSB DUE TO NUCLEON MASS DIFFERENCE
It is the purpose of the present investigation to take the nucleon mass splitting accurately into account, which leads to CSB. Therefore, we use exact values for the proton mass M p and neutron mass M n [9] : M p = 938:2723 MeV; (17) M n = 939:5656 MeV:
We start with pp scattering for which the one-bosonexchange contribution is depicted in Fig. 1b MeV is used.
For the pp case, our model yields 17:20 fm for the singlet scattering length and 2.88 fm for the corresponding eective range, consistent with Eqs. (1) and (2).
Switching now|step by step|from pp to nn scattering will change the eective range parameters and the phase shifts, in violation of charge-symmetry. The dierences that occur for the eective range parameters are given in Table I and II. Note that the relationship between the CSB potential and the corresponding change of the scattering length, a C S B ,is highly non-linear. As discussed in Refs. [11, 12] , when the scattering length changes from a 1 to a 2 due to a CSB potential V = V 1 V 2 , the relationship is (20) with u 1 and u 2 the zero-energy 1 S 0 wave functions normalized such that u(r ! 1) ! (1 r=a). Thus, the perturbation expansion concerns the invers scattering length. As clearly evident from Eq. (20), the change of the scattering length depends on the \starting value" a 1 to which the eect is added. In our calculations, CSB eects are generated step by step, which implies that the starting value a 1 is dierent for dierent CSB eects.
This distorts the relative size of the scattering length differences. To make the relative comparison meaningful, we have rescaled our results for a C S B according to a prescription given by Ericson and Miller [11] , which g o e s as follows. Assume the \starting value" for the scattering length is a 1 and a certain CSB eect brings it up to a 2 . Then, the resulting scattering length dierence (a 1 a 2 )
is rescaled by a = ( a 1 a 2 ) a pp a nn a 1 a 2 (21) with a pp = 17:3 fm and a nn = 18:8 fm. This will make a independent of the choice for a 1 . The numbers given in Table I and II for a C S B are all rescaled according to this prescription.
To state the eects of CSB on the N Nphase shifts, we introduce for each LSJ state the CSB phase shift
where LSJ nn denotes the nn and LSJ pp the pp phase shifts (without electromagnetic eects), respectively. The irreducible diagrams included in the quasipotential/kernel can be subdivided into several groups. After discussing the eect from the kinetic energy, w e will describe each group of diagrams and the implications for CSB.
1. Kinetic energy (kin. en.). The kinetic energy is smaller for the neutron because of its larger mass. This reduces the magnitude of the energydenominator in Eq. (15) for nn scattering as compared to pp, thus, enhancing the (attractive) integral term for nn. In addition, the factor E q in Eq. (16) is larger for the larger nucleon mass, which results in an overall enhancement of the magnitude of the nn phase shifts. The combined eect yields larger nn phase shifts as compared to pp if the nuclear potential is attractive, and vice versa if the nuclear potential is repulsive. This can be understood more easily in the frame work of the radial Schroedinger equation in which the eective potential is M V .Thus, no matter if the nuclear potential V is attractive or repulsive, its eect on the phase shifts is always enhanced for the larger nucleon mass M. This explains why i n 3 P 1 the CSB phase shift splitting, Eq. (22), comes out negative (repulsive potential, negative phase shift), while it is positive in all other partial waves listed in Table  III (column`kin.en.') where the potentials are attractive (positive phase shifts). The magnitude of the singlet scattering length increases by 0.25 fm (cf. Table I , column`kin.en.') for nn scattering as compared to pp. This is, of course, well known, and the eect on the scattering length is usually quoted to be 0.30 fm [13] . Our value is slightly smaller which can be attributed to the use of relativistic kinetic energies in our model.
2. One-boson-exchange (OBE, Fig. 1 ) contributions mediated by 0 (135), 0 (770), !(782), a 0 =(980), and 0 (550). In the Bonn model [7] , the 0 describes only the correlated 2 exchange in S-wave (and not the uncorrelate 2 exchange since the latter is calculated explicitly, cf. Figs. 2{4). Charge-symmetry is broken by the fact that for pp scattering the proton mass is used in the Dirac spinors representing the four external legs (Fig. 1b) , while for nn scattering the neutron mass is applied (Fig. 1a) . The CSB eect from the OBE diagrams is extremely small (cf. Fig 2. Notice rst that only non-iterative diagrams are to be considered, since the iterative ones are generated by the scattering equation (15) from the OBE diagrams. In our calculations, we include always all time-orderings (except those with anti-baryons in intermediate states); to save space, we display, however, only a few characteristic graphs in Fig. 2 (this is also true for all diagrams shown or discussed below). Part (a) of Fig. 2 applies to nn scattering, while part (b) refers to pp scattering. Notice that when charged-pion exchange is involved, the intermediate-state nucleon diers from that of the external legs. This is an important subtlety that we account for accurately in our calculations; neglecting this eect causes a systematic error in the order of 100%. Numerical results for this class of diagrams are given in Table II (Table II) as well as on the phase shifts (Table IV) . Again, it is important in all of these diagrams to take the intermediate-state nucleon mass correctly into account. 
IV. SUMMARY AND CONCLUSIONS
Based upon the Bonn meson-exchange model for the N N interaction, we h a v e calulated the CSB eects due to nucleon mass splitting on the phase shifts of N Nscattering and the singlet eective range parameters. We
give results for partial waves up to L = 2 and laboratory energies below 300 MeV. A remarkable nding is that the experimental CSB difference in the singlet scattering length can be explained from nucleon mass splitting alone.
Concerning phase shift dierences, we nd the largest in the 1 S 0 state where they are most noticable at low energy; e. g., at 1 MeV, the dierence is 1.8 deg, indicating that the nn nuclear force is more attractive than the pp one. The 1 S 0 phase shift dierence decreases with increasing energy and is about 0.15 deg at 300 MeV. The CSB eect on the phase shifts of higher partial waves is small; in P and D waves, typically in the order of 0.1 deg at 300 MeV and less at lower energies. This is substantially smaller than what is required phenomenologically to solve the so-called A y puzzle in elastic nucleon-deuteron scattering at low energies [22] . The major part of the CSB eect comes from diagrams of 2 exchange where those with N i n termediate states make the largest contribution. We also study the CSB eect from irreducible diagrams that exchange a and meson. To our knowledge, this class of diagrams has never before been considered in any calculation of the CSB nuclear force. We nd that the diagrams give rise to non-negligible CSB contributions that are typically opposite to the 2 eects. In most partial waves, the eect reduces the CSB from 2 exchange in the order of 50%. Coon and Niskanen [23] have i n v estigated the CSB effect on the singlet scattering length from the diagrams of Figs. 2 and 3, using a nonrelativistic model. Their total result, a C S B = 1 : 56 fm (applying the dTRS N N potential [24] and a cuto mass of 1 GeV at the pion vertices), agrees well with our total. However, there are large differences in the details: from 2NN and 2N, Coon and Niskanen obtain 1.28 fm and 0.24 fm, respectively; while we get 0.37 fm and 1.85 fm, respectively. Thus, the ratio of the two contributions is very dierent. From Ref. [7] it is known, that the 2N contribution to the nuclear force is about four times the one from 2NN.It is reasonable to expect that the CSB eect scales roughly with the size of the contribution that generates it. This is true for our result, which i s w h y w e h a v e condence in our ndings. In the Bonn model, a cuto mass of 1.2 GeV is used at the pion vertices, while Coon and Niskanen use 1 GeV. This may explain why our overall contribution from 2 exchange is larger. On the other hand, our model also includes the important diagrams (that are omitted in Ref. [23] ), which reduce the overall CSB eect.
From the diagrams displayed in Figs. 3 and 4 it is evident that additional CSB could be created frommass splitting. Unfortunately, the charge-splitting of the (1232)-baryon mass is not well known [9] . Since our present i n v estigation is restricted to reliably known baryon-mass splitting, we do not consider any -mass splitting and use the average value for the -mass (1232 MeV) throughout. It is, however, worthwhile to mention that our model includes everything needed for a systematic investigation of CSB ects caused by an assumed -mass splitting. This may b e a n i n tersting topic for a future study.
Traditionally, it was believed that 0 ! mixing explains essentially all CSB in the nuclear force. However, recently some doubt has been cast on this paradigm.
Some researchers [25{27] found that 0 ! exchange may have a substantial q 2 dependence such as to cause this contribution to nearly vanish in N N .Our nding that the empirically known CSB in the nuclear force can be explained solely from nucleon mass splitting (leaving essentially no room for additional CSB contributions from 0 ! mixing or other sources) ts well into this new scenario. However, since the issue of the q 2 dependence of 0 ! exchange is by no means settled (see Ref. [3] for discussion and more references), it is premature to draw any denite conclusions.
This work was supported in part by the U.S. National Science Foundation under Grant No. PHY-9603097 and by the Idaho State Board of Education. 
